fter Michael Faraday (1791-1867) produced an electromotive force (EMF) between the axis and edge of a disk kept in rotation and subjected to the axial magnetism of a fixed permanent magnet in 1831, several researchers and experimenters pursued efficient electrogeneration designs capable of replacing expensive electrochemical batteries [1] . It was soon clear that a stronger effect could be achieved with an electromagnetic multiplier (i.e., a coil of many windings) subjected to the alternating action of a permanent magnet, obtained by mutual rotation.
An early magnetomechanical generator of this type was built by French instrument maker Antoine-Hyppolyte Pixii (1808-1835) based on a suggestion by André-Marie Ampère and was presented at the Académie des Sciences in 1832. However, the alternating EMF of the device was regarded as an inferior performance compared to the continuous EMF of batteries, and Pixii, again on the advice of Ampère, improved the device with the first rudimentary commutator that allowed obtaining pulsed unidirectional EMFs and currents. Also, the machine built by the Belgian inventor Floris Nollet (1794-1853) in 1851 was an alternator [1] . Nollet founded the Anglo-French Société de l'Alliance to exploit its design at an industrial level. After his death, the concept was resumed by English Professor Frederick Hale Holmes (1812-c.1881) to build the 36-magnet, 1.5-kW, 600 r/min generator that was provided with a rotary commutator to supply the arc lamp of the first electric lighthouse at South Foreland, Dover, United Kingdom, in 1859. In 1867, English inventor Henry Wilde (1833-1919) made the dynamoelectric machine, a generator prov ided with a small dynamo to supply the field coils, that constitutes the model of most modern alternators.
Other major contributions resulted in efficient dynamos, which were commercialized early by Zé-nobe Théophile Gramme (1826-1901), a former Alliance technician, and Werner Siemens (1816-1892) from 1871. They caused a slowdown to the development of alternators, but the invention of the Jablokhov candle in 1876 [2] triggered a new interest because it was a cheap arc light that performed better with alternating currents, since these consumed evenly the two carbon electrodes. Early alternators for arc lamp lighting were built by Gramme and Siemens from 1878 to 1881. In 1878, Gramme provided an ac installation with 80 Jablokhov candles at the Grands Magasins du Louvre in Paris and similar plants at the Avenue de l'Opéra and Place de l'Opéra on the occasion of the Paris Electricity Exhibition of 1878. Siemens used an alternator to power the first public lighting system at Godalming, United Kingdom, in 1881.
These ac systems were quite different from dc ones. The latter not only replicated the operation of batteryfed systems but also allowed an easy parallel connection of more dynamos and could be flanked by batteries for storing excess energy and releasing it later at demand peaks. Conversely, monitoring and control of ac systems were problematic since no instrumentation for detecting current and voltage oscillations and phases was available and the parallel connection of more alternators long remained a risky maneuver because of synchronization hurdles. In addition, dc motors could be easily inserted and selfstarted to provide electromechanical power, e.g., to early electric cars, streetcars, trains, and elevators, whereas an ac synchronous machine could be operated as a motor according to the reversibility principle, but in practice this operation remained complicated due to connection and self-start issues and constrained to spin at fixed synchronism velocity.
A new era for ac started with the invention of the secondary generator, i.e., the forerunner of the induction transformer, by French inventor Lucien Gaulard (1850-1888) and British engineer and financier John Dixon Gibbs (1834 Gibbs ( -1912 alternator and extended from the exposition venue to the Lanzo railway station, 34 km away [4] . It showed that ac current could be transmitted much farther away than dc current, which raised the interest of several researchers.
Developments (1885) and Westinghouse (1886) on a concept that British engineer Rankin Kennedy proposed in 1883, building on Maxwell's theory, to obtain the independent operation of more transformers. The same year, British engineer John Hopkinson (1849-1898) provided the first model of the synchronous machine [5] . The ac systems flourished on both sides of the Atlantic Ocean, and the war of currents was started in the United States between Edison's dc systems and Westinghouse's ac systems [6] .
Galileo Ferraris (1847-1897), the organizer of the electrical section at the Turin Exhibition, also experimented with ac currents and transformers, identifying the real power VIcos{ and the power factor cos { and demonstrating the transformer's high efficiency in 1884 [7] . In 1885, he obtained the rotary magnetic field by feeding two inductors with orthogonal axes and alternating currents almost in phase quadrature, without switches, sliding parts, and a collector. The rotary field was revealed by the rotation of a small metal cylinder suspended in the center of the device ( Figure 1 ). It was the first rudimentary archetype of a twophase asynchronous motor. Ferraris continued experimenting, produced more advanced models, and described his device in a paper presented to the Royal Academy of Sciences in Turin in March 1888 [8] that was translated into English and published in the journal Industries, later the same year. Yet, he did not understand the device's commercial potential. Instead, possible industrial development was envisioned by Nikola Tesla (1857 Tesla ( -1943 . The Serbian-Croatian engineer had arrived in the United States in 1884 and was employed at the Edison Machine Works for six months.
After a few years working on other projects, Tesla developed his own two-phase induction motor in 1887, obtaining a patent in May 1888 [9] . He later claimed that he had conceived the idea some years before, without providing a proof. Soon afterward, he presented a four-salient-pole induction motor (Figure 2 ), together with two other ac motors, in a paper read before the American Institute of Electrical Engineers [10] . After the conference, George Westinghouse, who had already acquired rights from Ferraris (US$1,000), bought Tesla It was rated 240 kW at 15 kV and extended over 175 km from the Lauffen waterfall on the Neckar river [10] . The Lauffen power station included a 240 -kW, 86-V, 40-Hz alternator and a step-up transformer produced by Maschinenfabrik Oerlikon, at the exhibition a step-down transformer fed the AEG 100-hp three-phase asynchronous motor that sensationally powered an artificial waterfall, representing the transfer of the original power source (Figure 3 ). The exhibition system also included 1,000 bulbs.
In the same year, Brown, together with the SwissGerman engineer Walter Boveri (1865-1924), founded in Baden, Switzerland, the Brown Boveri Company (BBC), which soon emerged as a leading company producing polyphase ac systems and devices. Almost one century later, in 1988, ASEA and BBC merged into ABB, creating the largest company in the electrical sector. In America, General Electric (GE) was incorporated in 1892 by merging the Edison General Electric Company and the Thomson-Houston Electric Company and initially exploited BBC patents for opposing Westinghouse ac systems. Other commercial polyphase systems appeared in 1893, at Soden, Germany, made by Siemens & Halske, and at Hellsjön-Grängesberg, Sweden, made by ASEA.
In 1892, Westinghouse had obtained the contract for lighting the 1893 Chicago World Fair by underbidding the project at US$399,000 (GE's last bid was US$554,000). The 96,000-bulb system provided by Westinghouse was part of his 60-Hz universal system, named after its multilevel voltages made with stepup and step-down transformers. It was powered by 12 single-phase 1,000-hp generators and also fed others loads, including a railway powered via an ac/dc 500-V rotary converter, i.e., an ac motor combined with a dc generator, designed by Lamme. Westinghouse also exhibited polyphase systems, his commercial induction motor, and synchronous motors. Tesla contributed with a two-phase system powered by two alternators that fed a 300-hp induction motor [11] .
Among other exhibitors, Siemens & Halske presented the first three-phase ac electric locomotive, powered with two three-phase 20-hp motors. Two years later, on 15 August 1895, the big Niagara Falls power station went into operation. Its first three 5,000-hp, 2.2-kV, 25-Hz polyphase alternators were increased to ten by 1897, all made by Westinghouse on a design by Tesla and Lamme. Electricity was distributed at 2.2 kV locally, at 11 kV at midrange, and was delivered to Buffalo, 21 mi away, at 22-kV three-phase. GE supplied the step-up transformers. It was by far the largest power station built until then and marked the supremacy of Gibbs (1839 Gibbs ( -1903 proposed modern vector analysis [12] , and major contributions came from Oliver Heaviside (1850-1925) in 1893-1912 [13] . At the same time, Heaviside developed the operational calculus using the Laplace transform [14] that introduced the concept of impedance and allowed transforming a differential equation into an algebraic equation, much simplifying circuit and device analysis.
Building on previous studies of magnetic hysteresis by Augusto Righi (1850-1920) of 1880 and James Alfred Ewing (1855-1935) of 1880-1890, who coined the name, German-born Charles Proteus Steinmetz (1865-1923) of General Electric developed the analyses of hysteresis losses in 1892 [15] , which allowed a more efficient design of ac electrical machines. Soon after, building on ideas of rotary vectors by English engineer Thomas Holmes Blakesley (1847-1929) of 1885, Steinmetz introduced the phasor method, which, by using complex numbers to represent isofrequential sinusoidal time functions, allowed a faster and easier solution of ac problems [16] , [17] . The same year, 1893, English-born American Arthur Edwin Kennelly (1861-1939), probably Edison's best engineer, introduced the concept of ac impedance to generalize the resistance to ac circuits.
Systematic analyses of the synchronous machine were started in dependently by Paul Marie Boucherot (1869-1943) and André-Eugène Blondel (1863 Blondel ( -1938 in France in 1892, which followed different approaches to obtain similar results. These studies, extended in the following years, made the connection in parallel of ac machines much easier [18] . Boucherot Hungarian engineer Kálmán Kandó (1869-1931) of Ganz & Co. designed a 37-hp three-phase locomotive for the Évian-les-Bains railway in 1897. On the basis of the same concept, he developed the machines for the Valtellina Railway, Italy, extending over 106 km, which were electrified at 3 kV and 15 Hz by Ganz in 1902. In 1911, the 15-kV, 16.7-Hz, single-phase ac system was introduced in Germany for powering several railway lines. Traction was provided by series-wound commutator motors because this scheme can work with both dc and ac thanks to the synchronous fields of the rotor and stator windings. Such universal motors could provide high starting torque and high speed while the low frequency and laminated core allowed for low iron losses and limited commutator flashover.
These three-phase and single-phase ac railways, which could use on-board step-down transformers unlike dc systems, were adopted by other European nations, and the latter still remain as a convenient choice in most of them. Supplying these railways from the 50-Hz grid was typically done by means of rotary frequency converters. The 25-kV ac system, now used for supplying highspeed trains, was introduced in France and the United Kingdom in 1954.
Several configurations of the induction motor were proposed and developed in the following years, particularly in the United States, for solving the problems of starting a single-phase motor, handling large secondary currents at slip rings and brushes, manufacturing robust squirrel cages with stiff connections of the bars to the end rings, designing centrifugal switching for the auxiliary winding used to startup the motor, improving insulation with inorganic materials, increasing working temperature, and reducing iron losses. The double-cage induction motor, capable of an easier start, was invented by Boucherot in 1912. Centrifugal casting of aluminum squirrel cages was developed at GE in 1920. When low-cost capacitors became available, the single-phase capacitor motor came along in 1925, to dominate many electrical applications.
In the first decades of the 20th century, these perfected induction motors spread into industry. They replaced the centralized power source (either a steam engine or a large electric motor that used mechanical power distribution by means of shafts and pulleys at the ceiling) and allowed every machine to be equipped with its own electric motor, providing easy control and flexible organization of the production processes according to efficiency concepts, as in Henry Ford's assembly lines of 1913. Agriculture machinery also benefited from electrical motors in several tasks, with notable saving of muscle power. Home motors were available in the 1920s: they could power several tools, constituting an alternative to emerging electric household appliances.
The need for more flexible operations promoted the search for advanced designs. For the sake of example, Dutch engineer Hidde Klaas Schrage (1883-1952) of ASEA invented the eponymous motor in 1910. This was an ac motor provided with both collector rings and a commutator and had three windings, i.e., a primary and tertiary in the rotor and a secondary in the stator, whose brush positions could be adjusted on the collector to change the motor speed. However, these motors suffered mechanical complexities and were surpassed in the following years, when power electronics emerged, allowing the flexible supply of simpler motors [22] .
On the other hand, small versions of the universal motor have encountered a wide success, thanks to their compactness, high starting torque, and high speed (up to 30,000 r/min), which make them ideal for a large number of portable tools, e.g., drills, and appliances, e.g., vacuum cleaners and washing machines, possibly fed via electronic speed control. However, also in this case, variable-frequency drives of motors with no collector are gaining increasing success. Above all, technological evolution has allowed a dramatic improvement of ac motors, during the 20th century. A 100-hp motor of today is more compact than a 7.5-hp motor of 1897. Particularly, thanks to their simplicity, versatility, robustness, self-starting capability, and low cost, ac motors have been built in billions of units and power a large part of our society.
